Abstract-An immunochromatography test system has been developed for molecular diagnostics of the potato virus Y and PLRV infection. To increase a low yield of PLRV and raise antibodies against the PLRV antigen, chimerical virus was constructed comprising the PLRV coat protein and recombinant RNA of a tobamovirus, in which capsid protein gene was replaced by the PLRV coat protein gene. Binary vector containing the DNA copy of the recombinant RNA was infectious, and yield of the chimerical virus increased up to 800 times in comparison with the wild type PLRV. On the basis of experience in the development of the diagnostics of viral and viroid infections, rational tactics are proposed for the mass laboratory and field diagnosis of viral infections on the molecular level.
Molecular diagnostics of infections is a special case of search of the targeted nucleotide sequence and/or the targeted antigen. In general, the molecular diagnostics does not depend on the biological nature of the pathogen and the organism; only the method of preparation of a sample for analysis is changed [1] .
The modern mass diagnostics is based on two principles of molecular interaction: on molecular hybridization of complementary heterocyclic bases of nucleic acids and on recognition of antigen by antibody. In the near future, the genomic sequencing and genetic passports of organisms will become common. In this case, the molecular diagnostics will be able not only to make a final diagnosis but, probably, also to find out how the disease took place.
In the laboratory diagnostics of phytopathogens, the following methods are frequently used: immunoenzyme (ELISA), immunochemical (ICA), immunochromatographic test systems (ICTS), immunochips; DNA(RNA)-probes, PCR and RT-PCR (reverse transcription-polymerase chain reaction), DNA (oligonucleotide)-chips. To achieve the maximum sensitivity of the diagnostic analysis in the system, e.g., in technology RT-PCR-MHA (molecular hybridization analysis)-dot-ELISA, the signal amplifications are combined [2] .
In the practice of laboratory diagnostics of plant viruses, the technologies of immunoenzyme analysis, molecular hybridization analysis, and variants of polymerase chain reaction dominate due to their high sensitivity, specificity, and efficiency. Simultaneous determination of several pathogens in one sample may be achieved by various methods; technology of chips seems to be most promising.
At Moscow State University, at the Virology Department (School of Biology) and at Belozersky Institute of Physico-Chemical Biology, in cooperation with Lorh Research Institute of Potato Farming, several highly efficient methods of molecular diagnostics of viral and viroid infections of potato for analysis of the Central Collection of sanitized samples potato cultivars are elaborated. In particular, this is a highly sensitive (1 pg of RNA of the phytopathogen) technology of visual molecule diagnostics of viroid and viral infections of potato by molecular hybridization of DNA-probes marked with (dien)platinum (MHAdot-ELISA technology) [3] . The combined technology RT-PCR and MHA-dot-ELISA (determination of the amplification product was made by a specific DNA-probe which, in turn, was determined by immunoenzyme analysis with a chemoluminescent substrate) gave a possibility to attain the maximum sensitivity of the visual molecular diagnostics of viroid and viral infections of potato-one molecule of RNA of viroid or virus in the analyzed sample [2] . The DNAchip of low density that we elaborated can determine simultaneously six viruses and viroid of potato on the nitrate cellulose membrane [4] . In this technology, the sum RNA (from infected and uninfected plants),
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whose hybrid with recombinant DNA was determined by immunoenzyme analysis, was marked by hapten-(dien)platinum. The obtained microchip could be used repeatedly.
In the Russian Federation, the highest economic loss to potato cultivation is inflicted by viruses Y, M, S, X, PLRV (Potato Leaf Roll Virus) and viroid PSTVd (Potato Spindle Tuber Viroid). PLRV belongs to the genus Polerovirus of the family Luteoviridae and is a phloem limited, not easily accessible, and highly pathogenic potato virus. According to literature, the yield of plants infected by this virus decreases by 38-70%. The plants lag in growth, the leaves become chlorotic, the edges of leaflets roll along the midrib. The leaves of infected plants are fragile, leathery. The tubers are small, often elongated or fusiform, the phloem both of tubers, stems, and leaves becomes necrotic. In nature, the virus is distributed by aphids. It is found that PLRV may be present in plants in a latent state. Thus, the diagnostics of its latent infection is of current importance. By its damage, PLRV follows Y virus and inflicts a serious loss in potato crops. In mixed infection, it may destroy up to 90% of the yield. Due to its high toxicity in nature, PLRV accumulated in very low quantities; it is possible to isolate 1.3 mg of virus particles from a kilogram of infected leaves of Datura or Physalis [5] .
At present, the sole technology meeting the practical requirements of modern mass diagnostics is immunochromatography on test-strips. Rapidly developing modern analytical technology of immunochromatographic determination of a wide range of biologically active compounds of various nature replaces traditional ELISA methods due to its simplicity and rapidity. In literature, such approach is known by a general term "flow lateral immunoanalysis." Cheap, rapid, and simple analytical technologies based on immunochromatography supply a possibility to make highly sensitive determinations without special training and equipment even under field conditions. Since it is an efficient means of diagnostics, the express tests give a possibility during several minutes to determine and estimate the content of various diagnostically important biologically active substances [6] [7] [8] [9] [10] .
As practice of molecular diagnostics of phytopathogens of agricultural crops saves considerable means, the elaborated diagnostic methods are protected by patents and developer companies offer diagnostic kits whose components are coded and protected by copyright. Therefore, mass molecular diagnostics of phytopathogens of such plants in Russia noticeably lags behind.
Previously, we described application of immunochromatographic analysis for determination of tobacco mosaic virus (TMV) [11] and virus X of potato [12] .
The aim of the present communication is to present the results of elaboration and testing of prototypes of immunochromatographic test systems for mass diagnostics of infections of potato with virus Y and PLRV.
MATERIAL AND METHODS Virus Y of potato and antiserum to it were obtained from Lorh Research Institute of Potato Farming.
For multiplication of phloem limited PLRV distributed in nature by aphids, we created a binary vector. Plants of N. benthamiana were infected with this vector by agroinfiltration and in a week the isometric virions, consisting of RNA of tobamovirus and protein of the coat of PLRV, were isolated from leaves of the upper three layers. The infected leaves were homogenized in a blender in 0.1 M citrate buffer adjusted with 0.5 М Na 2 HPO 4 up to pH 6.5 in the presence of 0.1% β-mercaptoethanol and 1% Triton Х-100. The homogenate was incubated for 30 min with stirring (0°С), separated, the debris sediment was separated at 10 000 rpm in a Beckman J-21C centrifuge in a JA-20 rotor for 10 min. The supernatant was additionally clarified with 0.25 volumes of chloroform. Further on, the virus was isolated by ultracentrifugation at 100 000g for 2 h through 20% sucrose cushion.
The rabbits were immunized five to seven times with a suspension of the chimerical virus (150-200 μg) in phosphate-saline buffer (рН 7-7.2) subcutaneously, at intervals of 10-14 days. The first two immunizations were made with complete and incomplete Freund's adjuvant. The globulin fraction of proteins from rabbit antiserum was isolated by precipitation with ammonium sulfate. The fraction of polyclonal primary antibodies was obtained on sorbent DEAEToyo-Pearl (Toyo-Soda, Japan) by elution with 50 mM NaCl.
The concentration of antibodies was determined spectophotometrically (ε280 = 2.08 × 10 5 M -1 cm -1 ) [13] . The purity of antibodies was assayed by electrophoresis in 12% polyacrylamide gel in the presence of sodium dodecyl sulfate.
The preparation of colloid gold was obtained by reduction of auric chloride acid by sodium citrate [11] . The mean size of particles of colloidal gold was determined in the Jeol 1400 transmission electron microscope (Jeol, Japan) at accelerating voltage 100 keV. For electron microscopy, carbonic support films were used.
Commercial (Imtek, Russia) antispecies (secondary) antibodies were used-goat immunoglobulins (IgG) against rabbit immunoglobulins. Immobilization of antibodies to viruses on the surface of particles of colloid gold was made according to previously described method [11] .
Extracts from healthy plants and plants infected with viruses were obtained by titration of 100 mg of leaves or sprouts in a porcelain mortar adding 1.0 mL TPB (10 mM Tris, 10 mM sodium phosphate, рН 7-7.5). The obtained homogenate (1 : 10; vegetable mass/buffer volume) was centrifuged for 5 min at 10 000 rpm. The clarified extract was analyzed by means of DAS-ELISA. In immunochromatographic testing, nonclarified extracts of leaves of a healthy plant and of an infected plant were used. A test strip 6-7 cm long and 5 mm wide for flow lateral immunoanalysis was a multimembrane composite on which primary and secondary antibodies for detection of viruses are fixed as narrow transverse zones. For the multimembrane composite in immunochromatography, the membrane filters of MDI Co. (India) were used.
The analyzed sap (extract) along the strip moves due to capillary diffusion. In the start area of the strip after the zone of application or submersion, the conjugate of primary antibodies with visually detected colloidal gold is applied (Fig. 1) . In the course of analysis of the infected sample, in the test zone of ICTS, the colored triple complex (immobilized antibodiesdetermined virus-conjugate of primary antibodies with colloidal gold) is formed as a narrow zone, and it is easily recorded visually. In the absence of virus, in the analyzed plant extract, the antibodies marked with colloid gold readily pass through the zone of antibodies to the virus immobilized on the membrane and the colored band is formed in the control zone only. The results of immnochromatography were estimated visually by comparison of experimental and control samples. Presence of the colored band in the control zone indicated to capability for work of a test strip.
RESULTS

Application of ICTS for diagnostics of highly dangerous infections for potato growing with virus Y and
PLRV is shown in Fig. 2 . Appearance of the colored test zone and absence of coloration in the sample of a healthy plant of a plant infected with another virus, potato virus X, indicates a sufficient sensitivity of the diagnostics and its specificity (Fig. 2a) . The analysis takes 2-15 min and the volume of the analyzed sample of a leaf or sprout of the tuber (sap or extract of plant tissue) does not surpass 100 μL.
Since PLRV accumulates in the phloem of plants in low quantities, which complicates its isolation and investigation, as well as obtaining of antibodies to it, we created recombinant DNA consisting of cDNA of crucifer tobamovirus (crTMV), in which the gene of coat protein was replaced by the gene of capsid protein of PLRV that was placed under a strong promoter. This DNA was inserted into a binary vector, plants of N. benthamiana were infected with the vector by means of agroinfiltration. As a result, RNA, transport protein of tobamovirus, and coat protein of PLRV were synthesized in the infected plant. The formed chimerical virus consisting of the tobamovirus RNA, and coat protein of PLRV (target antigen) was infectious and spread over the vascular system of the plant.
In three replications of isolation, the yield of the chimerical virus from the infected plant was, on average, by 800 times higher than that of the natural strain of PLRV. This permitted us to obtain antibodies to the chimerical virus whose principal antigen, capsid protein, is identical to the natural coat protein. It is important that the replicated RNA of the helical tobamovirus was packed by the capsid protein of PLRV into an icosaedric virion. Moreover, antibodies to the wild type PLRV recognized the chimerical virus with the same sensitivity as the natural isolate [14] . The obtained antibodies to the chimerical virus recog- nized the natural isolate of PLRV (Fig. 2b) . Independently, these results were confirmed by ELISA.
Obtaining of diagnostic antibodies to PLRV is a complicated task, since aphids should be used for infection of plants and accumulation in plants is low. These complications were overcome by means of a created binary vector that caused formation of infectious chimeric virus after agroinoculation of Nicotiana. Of 20 g of leaves, we obtained 8-10 mg of virus particles similar to natural PLRV virions.
DISCUSSION
At present, in Russia and in the countries of the former Soviet Union, the mass diagnostics of virus infections of plants is mainly performed by the ELISA technology. These techniques give us a possibility to determine quantitatively up to 1 ng/mL of viruses in leaf extracts. However, this technology is time consuming and requires trained personnel and expensive equipment; thus, they may be applied in specialized laboratories only.
Practice of molecular diagnostics of virus infections infers mass diagnostics (of hundreds or even thousands of samples) combining selectivity of identification of the target pathogen, sensitivity sufficient for detection of the virus (virion) in the field material, efficiency meeting the state of agriculture economics, rapidity necessary in urgent cases of mass infections (epiphytoties), and availability as to prices and exploitation.
At seed-growing farms, the annual diagnostics of potato infections should be made both at the stage of production of prebasis material (test-tube plants, scions, microtubers) and of selection healthy plants under field conditions. It is absence of systematic diagnostics of potato infection that resulted in various but universal infestation of potato with phytopathogens in Russia. According to different sources, mixed virus, viroid, microbial, and fungal infections cause potato losses in the field up to 70%.
Universal mass monitoring of infection of seed and field material with viruses is possible only by simple, reliable, highly specific, and highly sensitive express methods suitable for a wide range of viruses and for making express diagnostics under field conditions without special experience and equipment. One of the main requirements to all modern methods of extralaboratory immunodiagnostics (used in medicine, veterinary medicine, and agriculture) is a full readiness of a kit for making analyses. Such kit should contain all necessary reagents.
Today, the most rapid and simple technology of mass molecular diagnostics of virus diseases of potato is immunochromatography on test strips. In all cases, the analysis is made until the signal would appear in the control zone. For analysis by mean of ICTS, just a drop of sap of the analyzed plant may be added. This initiates immunochemical interaction and formation of the recorded signal in the control and test zones. For such test-systems, the marks (colored latex, stains, colloid gold, liposome with stain, carbon particles, etc.) are ideal that give a possibility to make analysis by direct visual reading out. For example, sensitivity of determination of tobacco mosaic virus in nonclarified sap of tobacco leaves diluted by ten times is 1 ng/mL and the full analysis time takes 2 min [11] .
Sensitivity of determination of potato viruses Y, S, and M by the elaborated ICTS is within 10-50 ng/mL. By ICTS, it is possible to determine 30 and more nanograms of PLRV and of potato virus Y (Fig. 2) . Three issues should be noted. First, similarly to other immunological tests, the sensitivity of infection diagnostics depends on antigen preparations and on the antibodies obtained to it; thus, the immunochromatographic method is just a little worse than ELISA. Sec- ondly, the flow lateral immunoanalysis is a semiquantitative method and is frequently used to get the "yesno" answer, while ELISA is a strictly quantitative method. It should be noted that B.B. Dzantiev's laboratory (Bach Biochemistry Institute, Russian Academy of Sciences) recently elaborated laboratory and field reflectometers for quantitative estimation of results of immunochromatographic analysis. Finally, the sensitivity of ICTS is quite sufficient for diagnostics of the systemic virus infection. For early infection stages or if virus accumulation in a plant is low, e.g., in case of phloem-limited viruses, the sensitivity of immunological method might be insufficient.
With consideration of the experience of creation and application of the systems for molecular diagnostics of potato virus diseases, it may be concluded that a two-stage approach is advisable and economically expedient for mass analysis of the initial seed material [15, 16] . At the first stage, it is advantageous to apply an efficient and available even under field conditions express method of diagnostics. The immunochromatographic method on test strips is highly suitable in the "yes-no" pattern, rejecting clearly infected material. Mass screening (hundreds of samples) of seed potato for infection with viruses Y and X in the course of selection of basic clones in a bank of healthy varieties was performed in cooperation with the Lorh Research Institute of Potato Farming (Russian Agricultural Academy). To check infection of samples of potato varieties with viruses X, Y, M, S, and PLRV, all samples were prepared in the same way. Matching of detection results of potato viruses by ELISA and ICTS was 89% for virus Y and 100% for virus X; for healthy plants, the results coincided by 100%.
At the second stage, the analysis of remaining plants is to be made either by ELISA or by highly sensitive diagnostic technology of polymerase chain reaction, in an available version of RT-PCR. A more reliable diagnosis may be achieved by PCR method in real time or nest PCR, with necessary positive and negative controls. Such seed material having passed twostage selection is liable to multiplication and guarantees a high yield in the field under suitable conditions. Annual field mass diagnostics of infections of seed potato is obligatory.
The present study elaborated ICTS for molecular express-diagnostics of potato infection with virus Y and PLRV.
The next tasks comprise elaboration of prototypes of ICTS for diagnostics of virus infections inflicting great economic losses in other vegetable crops in Russia. Further development of the immunochromatographic analysis may be by creation of immunochromatography chips both for determination of the range of viruses in particular regionalized crops: vegetables, berries, stone fruits, etc. and for highly economically dangerous phytopathogens inflicting losses in a particular region.
